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PHENIX	detector	
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Central	Arm,	|η|	<	0.35:	
•  Tracking:	

•  DriL	Chambers	(DC)		
δp/p	=	0.7	%	+	1.1%p	

•  Pad	Chambers	(PC)	
σ	=	±1.7	mm	

•  Electromagne1c	Calorimeter:	
•  2	PbGl:	0.8	%	+	5.9	%/√E	
•  6	PbSc:	2.1	%	+	8.1	%/√E	

•  Par1cle	Iden1fica1on:	
•  RICH	–	e±	
•  TOF	East	and	TOF	West:	

•  σT	�	100ps	
•  π/K	pT	<	2.5	GeV/c	
•  K/p	pT	<	4.0	GeV/c	

•  EMCal	6ming:	
•  σT	�	600ps	
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Non-Abelian	Gauge	Theory	
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•  Factoriza6on	breaking	
predicted	in	a	
transverse-momentum-	
dependent	(TMD)	
framework	in	dihadron	
produc6on	(Phys.	Rev.	D	
81,094006	(2010))	

•  Back-to-back	two	
par6cle	angular	
correla6ons	give	
sensi6vity	to	ini6al-	and	
final-state	transverse	
momentum	kT	and	jT		

•  >=2	gluon	exchanged	with	
the	proton	remnants	
predicts	the	breakdown	



Correlation	function	
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π0-h±	and	direct	γ-h±	correla6on	func6on	in	order	to	probe	
the	factoriza6on	breaking	
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Out-of-plane	momentum	component:	

pout = pT
assoc ⋅sin(Δφ)

Extrac6ng	the	jT	from	near	side:	

jT
2 = 2 jTy

2 ≅ 2 pT
trig pT

assoc

pT
trig2 + pT

assoc2
σ N

 [GeV/c]trig
T

p
4 5 6 7 8 9 10 11 12 13 14

 [G
eV

/c
]

〉2 Tj〈

0.4

0.5

0.6

0.7

0.8

PHENIX
|<0.35η|

=510 GeVsp+p at 
<5 GeV/cassoc

T
2<p

±-h0π

jT
2 = 0.662± 0.003± 0.012GeV / c

(b)
(a)



Correlation	Function	

N
or
be

rt
	N
ov
itz
ky
,	P
ho

to
n	
20
17
	

7	

(b)
(a)

 [GeV/c]
out

p
-8 -6 -4 -2 0 2 4 6 8

-1
 [G

eV
/c

]
ou

t
dpdN  

tri
g

N1

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110
1

10

PHENIX

=510 GeVsp+p at 
|<0.35η|

3
π4<φ∆<3

π2

<10 GeV/cassoc
T

0.7<p

±-h0π
   4-5 

)-1   5-6 (x10
)-2   6-7 (x10
)-3   7-8 (x10
)-4   8-9 (x10

)-5   9-12 (x10
)-6   12-15 (x10

 [GeV/c]trig
T

p

 
 
 
 

±-hγ
•  Measure	pout	non-

perturba6ve	momentum	
widths	as	a	func6on	of	ptrigT	

•  Perturba6ve	TMD	evolu6on,	
which	comes	directly	from	
the	generalized	TMD	QCD	
factoriza6on	theorem,	
predicts	increasing	non-
perturba6ve	momentum	
widths	with	hard	scale	of	
interac6on		 Gaussian	and	Kaplan	fits	on	the	data	



Gaussian	widths	of	pout	
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The	Gaussian	widths	
of	the	pout	distribu6on	
are	decreasing	with	pT	
-	Opposite	of	the	
predic6on	from	TMD	
factoriza6on	
	
Sensi6ve	to	only	
nonperturba6ve	kT	
and	jT	in	the	nearly	
back	to	back	region	

Phys.Rev.	D95	072002	(2017)	



Comparison	with	PYTHIA	
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PYTHIA	reproduces	the	decreasing	
trend,	but	the	magnitude	is	off	by	
10-15%	

The	Gaussian	widths	
of	the	pout	distribu6on	
are	decreasing	with	pT	
-	Opposite	of	the	
predic6on	from	TMD	
factoriza6on	
	
Sensi6ve	to	only	
nonperturba6ve	kT	
and	jT	in	the	nearly	
back	to	back	region	

Phys.Rev.	D95	072002	(2017)	
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Gaussian	widths	of	pout	in	p+Au	
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We	can	search	for	
similar	factoriza6on	
breaking	effects	in	p+A	
	
Addi6onal	nuclear	
effects	may	increase	
the	measured	width	of	
the	pout	
	
Hint	to	have	a	larger	pT	
dependency	in	p+A	
collisions	



Frag.	Study	in	nucleus	collisions	
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zT =
pT
h

pT
jet

ξ = ln(1 zT ) = ln(pT
γ pT

h )

Dq (ξ ) =1/ NevtdN(ξ ) / dξ

DAA /Dpp ≈ YAA /Ypp = IAA

The	direct	photon	energy	is	a	good	
measurement	of	the	outgoing	parton	
energy:	

We	can	define	a	quan6ty:	

The	fragmenta6on	func6on	can	be	wriqen	in	form:	

The	modifica6on	of	the	fragmenta6on	func6on	is	quan6fied	as	
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The	direct	photon	energy	is	a	good	
measurement	of	the	outgoing	parton	
energy:	

We	can	define	a	quan6ty:	

The	fragmenta6on	func6on	can	be	wriqen	in	form:	

The	modifica6on	of	the	fragmenta6on	func6on	is	quan6fied	as	
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Frag.	Study	in	nucleus	collisions	
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zT =
pT
h

pT
jet

ξ = ln(1 zT ) = ln(pT
γ pT

h )

Dq (ξ ) =1/ NevtdN(ξ ) / dξ

DAA /Dpp ≈ YAA /Ypp = IAA

The	direct	photon	energy	is	a	good	
measurement	of	the	outgoing	parton	
energy:	

We	can	define	a	quan6ty	(																)	

The	fragmenta6on	func6on	can	be	wriqen	in	form:	

The	modifica6on	of	the	fragmenta6on	func6on	is	quan6fied	as	

Au+Au	
	
p+p	

pT
γ = pT

jet



Fragmentation	modiFication	
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No	visible	
modifica6on	in	d+Au	
compared	to	p+p	
collisions	
	
Modifica6on	in	the	
Au+Au	collisions.		
	
Transi6on	from	
suppression	to	
enhancement	
around	ξ	~	1	 Suppression	 Enhancement	

ξ = ln(1 zT ) = ln(pT
γ pT

h )
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The	enhancement	is	more	
visible	when	integra6ng	the	
full	away	side	jet.	
	
Harder	jets	seems	to	have	
no	visible	modifica6ons	

Integra6ng	the	away	side	correla6on	func6on	
in	different	intervals	to	study	the	medium	
effect	on	the	away	side	jet	fragmenta6on.	
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E d
3σ
dp3

=
1

s
neff (xT , s )

G(xT )
PRD	11,	1199	
(1975).		

• 	holds	for	any	scale-free	theory.		
• 	neff	=	4	LO,	neff	>	4	for	NLO	

PhysRevD	86	072008	 The	invariant	cross	of	direct	photon	produc6on	
in	p+p	collisions	(from	20	GeV	to	7	TeV)	
factorizes	in	dimensional	and	dimensionless	
parts,	as		

PhysRevD	86	072008	



Direct	photons	spectra	in	Au+Au	

N
or
be

rt
	N
ov
itz
ky
,	P
ho

to
n	
20
17
	

18	

The	spectrum	in	p+p	collisions	
is	described	with	an	empirical	
func6on	
	
Comparison	to	Au+Au	
collisions,	the	scaled	fit	
func6on	from	p+p	collisions:	
•  Described	the	pT	>	5	GeV/c	
•  pT	<	4	GeV/c	shows	large	
devia6on	

The	inverse	slope	of	the	
enhancement	could	carry	
informa6on	about	the	
temperature.	

Three	different	measurements	are	very	
consistent	in	their	overlap	regions	

Phys.Rev.	C91,	064904	(2015)	
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Centrality	 Inv.	Slope	[MeV/c]	

0-20%	 239	±	25	±	7	

20-40%	 260	±	33	±	8	

40-60%	 225	±	28	±	6	

60-92%	 238	±	50	±	6	

Thermal	yield	of	the	
photons	can	be	extracted	
	
The	inverse	slope	shows	no	
significant	dependence	on	
the	size	of	the	medium	

This	is	not	the	temperature,	
rather	the	space-6me	

integrated	yield	

Phys.Rev.	C91,	064904	(2015)	
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pT > 0.8GeV/c

pT > 1.0GeV/c
pT > 1.2GeV/c
pT > 1.4GeV/c

The	thermal	yield	depends	on	
the	medium	size:	
	 dN dy = A ⋅Npart

α

α  =	1.38	±	0.03	±	0.07,	does	not	
depend	on	the	pT	limit	of	the	
integral	

Integrated	yield	is	consistent	in	
various	systems	and	energies:	
•  Au+Au	at	39,	62.4	and	200	GeV	
•  Cu+Cu	at	200	GeV	

Phys.Rev.	C91,	064904	(2015)	



Summary	
•  pout	measurement	
•  p+p	at	√s	=	510	GeV	first	measurement	probing	the	predicted	
factoriza6on	breaking	(PRD	81,094006)	

•  p+Au	and	p+Al	at	√sNN	=	200	GeV	show	similar	or	stronger	effect	on	the	
factoriza6on	breaking	

•  Fragmenta6on	func6on:	
•  d+Au	at	√sNN	=	200	GeV	no	fragmenta6on	modifica6on	compared	to				
p+p	collisions	

•  Au+Au	at	√sNN	=	200	GeV	shows	strong	modifica6on	of	fragmenta6on	
func6on	

•  Spectra:	
•  Au+Au	at	√sNN	=	200	GeV	shows	large	enhancement	to	p+p	at	low-pT	
•  The	excess	yield	depends	on	Npart

α,	where	α	~	1.38.	
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Backups	
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Universality	and	Factorization	in	TMD’s	

N
or
be

rt
	N
ov
itz
ky
,	P
ho

to
n	
20
17
	

23	

•  Sign	change	in	Sivers	TMD	PDF	predicted	due	to	ini6al-
state	vs.	final-state	gluon	exchange	with	proton	remnants	
between	DY	and	SIDIS:	modified	universality!		

•  What	about	p+p	→	h1h2	where	both	ini6al-	and	final-state	
interac6ons	are	possible?	



Colin-Soper-Sterman	(CSS)	
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•  Expecta6on	from	CSS	evolu6on	
is	that	any	momentum	width	
sensi6ve	to	nonperturba6ve	kT	
grows	with	the	hard	scale	
•  Broadening	due	to	

increased	phase	space	for	
hard	gluon	radia6on	

•  Note	that	the	CSS	
evolu6on	equa6on	comes	
directly	out	of	the	
deriva6on	for	TMD	
factoriza6on	

•  Phenomenological	
studies	have	shown	that	
DY/Z	and	SIDIS	follow	this	
expecta6on	

Phys.	Rev.	D	89,	094002	(2014)	(SIDIS)	

Phys.	Leq.	B	633,	710	(2006)	(DY/Z)	



pout	in	p+A	centralities	
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